Chordin-like cysteine-rich (CR) repeats (also referred to as von Willebrand factor type C (VWC) modules) have been identified in ϳ200 extracellular matrix proteins. These repeats, named on the basis of amino acid conservation of 10 cysteine residues, have been shown to bind members of the transforming growth factor-␤ (TGF-␤) superfamily and are proposed to regulate growth factor signaling. Here we describe the intramolecular disulfide bonding, solution structure, and dynamics of a prototypical chordin-like CR repeat from procollagen IIA (CR ColIIA ), which has been previously shown to bind TGF-␤1 and bone morphogenetic protein-2. The CR ColIIA structure manifests a two sub-domain architecture tethered by a flexible linkage. Initial structures were calculated using RosettaNMR, a de novo prediction method, and final structure calculations were performed using CANDID within CYANA. The N-terminal region contains mainly ␤-sheet and the C-terminal region is more irregular with the fold constrained by disulfide bonds. Mobility between the N-and C-terminal sub-domains on a fast timescale was confirmed using NMR relaxation measurements. We speculate that the mobility between the two sub-domains may decrease upon ligand binding. Structure and sequence comparisons have revealed an evolutionary relationship between the N-terminal sub-domain of the CR module and the fibronectin type 1 domain, suggesting that these domains share a common ancestry. Based on the previously reported mapping of fibronectin binding sites for vascular endothelial growth factor to regions containing fibronectin type 1 domains, we discuss the possibility that this structural homology might also have functional relevance.
Chordin, a regulator of bone morphogenetic proteins (BMPs), 1 contains four cysteine-rich (CR) repeats. These repeats, also known as von Willebrand factor type C (VWC) domains (1) , are ϳ60 -80 amino acids in length and are mainly defined by a consensus sequence of 10 cysteines (available at www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF00093 and smart. embl-heidelberg.de/smart/do_annotation.pl?BLASTϭDUMMY& DOMAINϭVWC). Typically a conserved glycine and an aromatic residue, often tryptophan, are found between the first pair of cysteine residues. The motifs C 2 XXC 3 XC 4 and C 8 C 9 XXC 10 , located in the middle and at the C-terminal end of the repeat, are also highly conserved (see Fig. 1 ). The BMPs, members of the transforming growth factor-␤ (TGF-␤) superfamily of proteins, induce bone and cartilage formation, control skeletal patterning and left-right asymmetry, and are important in the development of organs, including the kidney, lung, and teeth (reviewed in Refs. 2 and 3). The BMP antagonist activity of chordin has been localized to the CR repeats (4) . Regulation of BMP activity by chordin is essential for dorsal-ventral patterning in Xenopus (5) and for mammalian embryonic patterning (6) (and reviewed in Ref. 7) . Chordin-like CR repeats have been identified in ϳ200 extracellular proteins (available at www.sanger.ac.uk/cgi-bin/Pfam/ getacc?PF00093) and therefore represent one of, if not the most, commonly occurring protein modules of hitherto unknown structure. Other proteins besides chordin containing CR repeats include von Willebrand factor (VWC), connective tissue growth factor, thrombospondins, and procollagen type IIA (ColIIA) (reviewed in Ref. 8) . These repeats bind to a range of TGF-␤ superfamily members, and perhaps their ligand specificities differ due to their divergent sequences (Fig. 1) . For example, BMP-4 binds with higher affinity to chordin repeats CR-1 and CR-3 than to CR-2 and CR-4 (4), the CR repeat of connective tissue growth factor binds BMP-4 and TGF-␤1 (9) , and neuralin/chordin-like protein binds BMP-4, -5, and -6 and TGF-␤1 and -␤2 (10) . It has also been observed that the activity of intact chordin, containing all four repeats, is 5-to 10-fold higher than that of the individual domains (4) . Consequently, it has been proposed that the general function of chordin-like CR repeats is to regulate signaling by members of the TGF-␤ superfamily in the extracellular matrix and that avidity may also be important (8) .
Here we describe the solution structure and dynamics of a prototypical chordin-like CR repeat from procollagen type IIA (CR ColIIA ). Collagen II, like the other fibrillar collagens, is expressed as a procollagen with both N-and C-terminal propeptides. Type II procollagen is synthesized in two alternatively spliced forms, IIA and IIB, both of which assemble as trimeric coiled-coils. Procollagen type IIA (ColIIA) is expressed by pre-chondrogenic cells, and during chondrogenesis mRNA synthesis switches to type IIB. Only type IIB is expressed by mature chondrocytes in normal articular cartilage. However, type IIA is re-expressed in osteoarthritic tissue and has been proposed to be a marker for osteoarthritis (11) . The difference between procollagens IIA and IIB at the mRNA level is the presence of an additional exon (exon 2) in type IIA, which encodes for a 69-amino acid chordin-like CR repeat in the amino propeptide (12, 13) . The tissue distribution of ColIIA suggests it is important during development. ColIIA is expressed in pre-chondrogenic cartilage (14) and in the notochord (13, (15) (16) (17) , fetal brain (18) , developing heart (19), eye (20, 21) , and other embryonic tissues (17, 22) . ColIIA is also used as a marker for identifying dorsal regions during Xenopus development (23) . Full-length ColIIA mRNA has dorsalizing activity in Xenopus (4), suggesting that, like chordin, it acts as a BMP antagonist. In common with other CR repeat-containing proteins, ColIIA interacts with proteins of the TGF-␤ superfamily and therefore potentially regulates growth factor signaling during development. The isolated CR ColIIA repeat binds BMP-2 and TGF-␤1 in solid phase binding assays (24) , and in coimmunoprecipitation assays, binding to BMP-4 is competed by BMP-2 and TGF-␤1 (4).
Here we present a prototypical structure of a chordin-like CR repeat from procollagen type IIA. Structure determination on the basis of solution NMR data was facilitated by the use of RosettaNMR (25), a de novo prediction method that enables identification of a protein fold on the basis of limited NMR data and assignments. Final structures were calculated using the semi-automated CYANA algorithm (26) . Unusually, the module manifests a two sub-domain architecture. Mobility between the N-and C-terminal regions was confirmed by NMR relaxation data analysis. The N-terminal sub-domain is well structured and predominantly of ␤-sheet configuration. The C-terminal sub-domain is less regular, and the fold is constrained by disulfide bonds. The solution of this structure has revealed an unexpected structural relationship between chordin-like CR repeats and fibronectin type 1 (FN1) domains suggesting that the FN1 domain has evolved as a truncation of a CR repeat. The binding sites for vascular endothelial growth factor (VEGF), a TGF-␤ structural homologue, map to N-and Cterminal fragments of fibronectin (27, 28) , which correspond to the regions containing FN1 domains. Therefore this research raises the possibility that FN1 domains and CR repeats may form similar complexes with cysteine-knot family cytokines.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The chordin-like CR repeat from human procollagen type IIA (CR ColIIA , residues Gln 29 -Ser 97 , TrEMBL accession number Q14047) was expressed recombinantly in the yeast Pichia pastoris using previously described methods (29) . The protein was expressed in-frame with the ␣-factor secretion signal sequence in the vector pPIC9K (Invitrogen), which resulted in an additional four residues (YVEF) being appended to the N terminus. At the C terminus, three residues (Thr 91 , Thr 95 , and Ser 97 ) were mutated to alanines to remove sites of O-mannosylation, an artifact of the expression system; the domain is not glycosylated by the native host. 15 C]methanol (Ͼ99 Atom%) in the expression medium (buffered minimal methanol). The protein was initially purified by anion exchange and reverse phase chromatography. Non-covalently associated carbohydrates that co-purified with the protein were removed using lectin affinity chromatography, and CR ColIIA was isolated by reverse phase chromatography. The protein was characterized by N-terminal sequencing, amino acid analysis, and matrix-assisted laser desorption ionization mass spectrometry.
NMR Data Acquisition-NMR data were acquired on GE Omega/ home-built spectrometers operating at 600 or 750 MHz. The spectrometers were fitted with triple resonance triaxial gradient probes with self-shielded pulsed field gradients. Spectra were acquired at 25°C unless stated otherwise. Acquisition parameters for experiments are given in Table I All spectra were processed using Felix97 (Accelerys, San Diego, CA) typically using a Gaussian line-broadening window function in the acquisition dimension, with Ϫ15 and 0.15 line broadening and Gaussian parameters, respectively, and a 70°-shifted squared sine-bell window function in the indirect dimension(s). HMQC-J and COSY spectra were typically processed with a 0°-shifted sine bell window function in the dimension(s) sensitive to J-couplings. Spectra were zero-filled as necessary to improve resolution, and linear prediction (44) 15 N dimension. The spectrum was zero-filled to increase the digital resolution in F 1 to 1.04 Hz/point. In addition, H ␣ , C ␣ , C ␤ , CЈ, and N chemical shifts for the CR ColIIA module were used to predict phi () and psi () backbone torsion angles using TALOS (46) . For this study, angle constraints were only accepted if (i) the TALOS prediction was rated as "good," (ii) heteronuclear NOE data suggested that the residue was ordered, and (iii) the prediction was consistent with HMQC-J data. Constraints were implemented using the values for the torsion angles output by TALOS Ϯ 30°. A total of 69 backbone torsion angle constraints were used in structure calculations.
A series of 1 H-15 N HSQC spectra (45) was acquired on a sample freshly dissolved in 2 H 2 O to identify slowly exchanging amides. Amides that had not exchanged after 24 h and were located in regions of defined secondary structure based on the NOE data were restrained to form HN-CO hydrogen bonds using the distance restraints d O-N ϭ 3.3 Å and d O-HN ϭ 2.3 Å. For structure calculations, 28 restraints were used for 14 backbone hydrogen bonds.
Relaxation data for CR ColIIA were acquired at 25°C and 600 MHz as described previously (47) . The sample contained 0.72 mM CR ColIIA , 50 mM potassium phosphate (pH 6.0), 10% (v/v) 2 H 2 O, and 0.02% (v/v) sodium azide. To check for protein aggregation, T 2 measurements were also made on a sample containing 0.36 mM protein in the same buffer. In the 15 N-T 1 , 15 N-T 2 and heteronuclear NOE experiments (48) the acquisition times were 128 ms ( 1 H) and 37.5 ms ( 15 N). The Carr-PurcellMeiboom-Gill delay in the T 2 experiment was set to 250 s. Relaxation delays were 40, 80, 120, 160, 400, 600, 1000, and 1600 ms and 8, 16, 32, 48, 80, 120, 160, 180, and 320 ms for the T 1 and the T 2 series, respectively. T 1 and T 2 relaxation time constants were derived from twoparameter exponential fits to the intensity decays, and errors were estimated from the root mean square noise in the spectra. (53) . No large chemical shift perturbations nor changes in line shape were observed on orienting the sample; these observations and the relatively low rhombicity calculated from the RDC data are consistent with a steric interaction of the peptide with the bicelles. Heteronuclear [
1 H]-15 N NOE data were used to determine which RDCs to use in RosettaNMR calculations (25) . In the absence of generalized order parameters, an RDC was deemed reliable if the ratio of peak intensities with and without the steady-state heteronuclear NOE was Ͼ0.6.
The RosettaNMR algorithm was implemented as described previously (25) with a number of modifications. Fragments were generated using the Robetta server (54, 55) with near complete CЈ, C ␣ , C ␤ , H ␣ , and N chemical shift information and 35 (HN-HA, HA-HA, and HN-HN) long-range NOEs as input data. All NOE distance constraints were set to 5 Å. The experimentally determined disulfide bonds were included in the form of 5-Å HA-HA NOE constraints. This distance was selected based on the manual analysis of four high resolution (Յ2.50 Å) crystal structures of disulfide bonded proteins (56 -59) . Sequence homologues were not removed from the data base prior to fragment selection to obtain a set that would better represent the target structure. Secondary structure prediction results from PHD (60) and PSIPRED (61) were confirmed and supplemented with backbone torsion angle constraints derived from analysis of HMQC-J data and TALOS (46) . Including a single type of RDC from one alignment medium was expected to reduce the precision of the fragments due to the degeneracy of the RDC, so RDC data were only included when folding the protein.
RosettaNMR simulations from random seeds were performed using chemical shift information and NOEs and 43 1 H-15 N RDCs as described previously (25) . Due to the high density of disulfide bonds in the CR ColIIA repeat, the standard RosettaNMR algorithm was supplemented with the find_disulf flag. This detects possible disulfide bridges, removes the repulsive energy that might result from the formation of these bonds, and adds a score based on their geometry to the total RosettaNMR scoring function. For the final structures, 20,000 simulations were performed and the 10 lowest energy structures were refined according to previously described methods (25) .
Structure Calculation-The NMRView sequence, chemical shift, and cross-peak files were converted to XEASY format using the CCPN format converter v1.0b1. 2 CYANA v. 1.0.6 (26) was used to compute seven cycles, each with 600 structures. Input data and structure calculation statistics are summarized in Table II . The accuracy of the NMR models may be assessed based on criteria for successful structure calculation using the program CYANA, which have been defined by Jee and Gü ntert (63) . These criteria specify that, in the final round of calculations, Ͼ75% of the input NOE cross-peaks are assigned, and the backbone root mean square deviation of structures calculated in the first cycle must be Ͻ3 Å. The CYANA algorithm uses structures calculated in the previous iteration as input for cycles 2 through 7. Therefore, convergence to a well defined fold in the first iteration is critical to the accuracy of structure calculation using this program. ) of 2.2 Å. More than 90% of the input NOE data are assigned during the structure calculations, and therefore the CR ColIIA structures satisfy all of the convergence criteria. Ramachandran plot statistics for the structures were calculated using PROCHECK version 3.4.4 (64) and are reported in Table II . It should be noted that small disulfide-rich protein folds typically have less regular secondary structure than larger protein folds, and therefore the percentage of residues found in the most favored regions of the Ramachandran plot for this type of fold is usually low relative to high resolution crystal structures of larger proteins (65) . The structures, experimentally derived restraints and chemical shifts have been deposited in the Protein Data Bank with accession number 1U5M.
RESULTS
The expression and purification of the CR ColIIA module have been described previously (29) . Mass spectrometry and onedimensional proton NMR spectra indicated that the protein was homogeneous, monomeric, and folded in solution. Additionally, the expected number of cross-peaks for CR ColIIA 3) . Using this method, the disulfide bond pattern was unambiguously assigned as C 1 -C 4 ; C 2 -C 8 ; C 3 -C 5 ; C 6 -C 9 ; and C 7 -C 10 . Other disulfide bond patterns were excluded based on the absence of NOEs. These experimental data contradict the predicted disulfide bond pattern for the CR repeat, based on sequence comparison with the CFC domain from Cripto (66) .
De Novo Prediction of CR ColIIA Backbone Fold-RosettaNMR (25) is a probabilistic method for obtaining models of protein structures using sparse NMR data supplemented with empirical statistics obtained from proteins of known structure. The structures are made using a fragment assembly protocol, and the top structures are optimized using a Monte Carlo simulated annealing protocol. Typically 1000 simulations are performed (25) , because any one simulation is unlikely to produce a model that correctly represents the target structure. If an ensemble of the top 10 structures converges, and satisfies the criteria of the scoring function and the NMR data, the lowest energy structure represents a potentially meaningful, medium resolution structural model of the target protein.
For the CR ColIIA repeat, convergence over the full-length (residues Gln 29 -Ala 97 , excluding the N-terminal cloning artifact) of the polypeptide chain was not achieved with 1000 simulations (average backbone r.m.s.d. to mean of 3.8 Å, data not shown). However, residues Gly 32 -Glu 70 showed a consistent backbone r.m.s.d. to mean of 5.0 Å, data not shown), convergence for residues Gly 32 -Glu 70 was improved (average backbone r.m.s.d. to mean of 1.9 Å, Fig. 4 71 -Ala 97 did not adopt a well defined conformation. Structure calculation on the basis of the full NMR data set (see below) suggests that this may be due to the two sub-domain architecture of the module and the irregular nature of the fold in this region. The lowest energy structure was compared against those in the PDB using the DALI server (67) . Structural similarity of the RosettaNMR structure to the fibronectin type 1 (FN1) domain detected by this method was later validated using the full-length structure computed from the NMR data.
Evolutionary Structural Relationship between CR ColIIA and FN1 Domains-Using the DALI server (67), superposition of the N-terminal sub-domain of the CR ColIIA structure showed a clear fold level similarity to the FN1 domain (r.m.s.d. 2.0 Å over 40 residues, Z score of 2.9 (67)) (Fig. 5A) . No structural matches could be identified for the C-terminal sub-domain. This structural superposition implies a sequence alignment between the CR repeat and FN1 domains. The sequence alignment was generated using a collection of FN1 domains aligned structurally in the HOMSTRAD data base (68) . This structural profile was used to select sequences from PFAM (69) . A profile for the CR repeats was generated by collecting sequences using PSI-BLAST (70) followed by alignment in ClustalW (71). These two profiles were then aligned using ClustalW (Fig. 5B) . This alignment shows that the percentage sequence identity between FN1 and CR repeats is very low.
Although we were able to generate a sequence alignment, and there is clear structural similarity between the domains, it would be very useful to be able to assess whether these two structures have arisen from a common ancestor; in other words, whether they would be placed in the same superfamily under the SCOP definition (72, 73) . There is no definitive way to assess whether proteins are divergently related when two structures share the same fold but very low sequence identity. However, clues can be derived by comparing folds and using evolutionary tracing methods (74) . First, to test if the folds recognized each other in sequence homology searching algorithms, five iterations of PSI-BLAST with standard parameters were run on each sequence family to test whether it picked out any members of the other family. No recognition occurred even if we used only the N-terminal sub-domain of the CR ColIIA structure. To determine if fold recognition tools correctly identified the fold of the sequence, we used METASERVER (75), a web-based tool that runs multiple protein fold recognition tools. METASERVER recognized the CR ColIIA module as sharing the FN1 domain fold. In general, fold recognition tools are far better at recognizing homologous relationships, so the ease of this identification points toward a divergent relationship. To identify whether such a divergent relationship exists, we examined the alignment between the CR and FN1 sequences using the evolutionary trace method (74) . From this analysis, it is clear that, with the omission of Cys 2 , which in the CR ColIIA structure forms a disulfide bond to Cys 6 in the C-terminal sub-domain of the protein, the disulfide bonding pattern (1-3, 2-4) is conserved between the two structures. Cys 2 of CR ColIIA is in the most variable region of the structural alignment between fibronectin type 1 and chordin-like CR repeats. There is also a very strongly conserved Trp, which in a small number of members of both families, is changed to a Phe or Tyr.
CR ColIIA Structure and Dynamics-Structure calculations were performed using CYANA version 1.0.6 (26), an algorithm for semi-automated NOE assignment and structure determination. For the structure determination of the CR ColIIA repeat, almost fully assigned NOESY spectra were used as input data, in addition to restraints for 5 disulfide bonds, 28 restraints for 14 hydrogen bonds, and 69 and backbone torsion angles (Table II) . The structure predicted by RosettaNMR was used to aid the manual assignment of NOE data, but not as input to CYANA. The use of CYANA, even with fully assigned spectra, greatly expedites the determination of protein structures by minimizing the time spent on iterative structure calculations. Some unambiguous NOE assignments that were discarded by the network-anchoring process were included as upper distance limits to improve the convergence of the C-terminal region. None of these upper distance limits was violated in the structure calculations, nor did their inclusion result in an increase in the target function greater than the standard deviation. It is thought that these assignments were discarded during the calculation process due to the relatively low density of long range NOEs that define the conformation of the C-terminal region. The 20 lowest energy structures are shown superposed in Fig. 6 . Our results show that the CR ColIIA repeat exhibits a two sub-domain architecture, connected by a short structurally variable linker region. The average backbone r.m.s.d. for the N-terminal sub-domain over residues Gly 32 -Glu 70 is 0.62 Å. The secondary structure of the N-terminal sub-domain comprises a double-stranded anti-parallel ␤-sheet (residues Cys 34 (Fig. 6B) . Superposition of the C-terminal region of the repeat, revealed two sub-families of structures containing 6 and 14 conformers (Fig. 6 , C and D) each with backbone r.m.s.d. to the mean of 1.0 Å, for residues Gly 32 -Cys 89 . The computation of these two sub-families may be a consequence of attempting to calculate a static image from time averaged-data acquired on a dynamic ensemble.
The analysis of the relaxation data confirms differences in mobility in the sub-domains (Fig. 7) . High [
1 H]- 15 N NOE values for residues corresponding to the N-and C-terminal sub-domains are observed, indicating low flexibility and ordered structure (Fig. 7A) N relaxation data for the CR ColIIA repeat were measured, and repeat experiments of the T 2 measurements with a 50% diluted sample showed that sample aggregation could be neglected (data not shown). For each of the sub-domains, the majority of T 1 and T 2 values cluster in overlapping but slightly different regions of the plot (Fig. 7B ), suggesting some difference in the dynamics of the two sub-domains. Data points for the C-terminal sub-domain are more highly dispersed, indicating greater dynamic variability in this region. As expected from the low 
DISCUSSION
The interaction of the CR repeats of chordin with bone morphogenetic proteins is essential for embryonic patterning (5, 6) and reviewed in Ref. 7 . The abundance of chordin-like CR repeats in extracellular matrix proteins and their ability to bind a variety of TGF-␤ superfamily members (reviewed in Ref. 8 ) suggests a conserved function for these repeats in regulating growth factor signaling in the extracellular matrix. The primary objective of this study was to determine a high resolution structure of a chordin-like CR repeat. We anticipated that the structure might provide insight into the interaction of chordinlike CR repeats and TGF-␤ superfamily members. The chordinlike CR repeat of procollagen IIA was selected as a prototypical example due to its presence in the intact protein as a single copy.
The interaction of chordin-like CR repeats with TGF-␤ superfamily members has been demonstrated (reviewed in Ref. 8) . CR repeats have divergent sequences (Fig. 1) , and therefore it is difficult to predict the epitope(s) involved in binding from sequence alone. It is possible that chordin-like CR repeats regulate BMP signaling by disrupting the receptor binding sites to prevent activation of the BMP receptor. Recent studies (76, 77) provide insight into BMP receptor binding and may provide clues to the antagonism of BMP signaling by chordinlike CR repeats. Two receptor-binding epitopes on BMP-2 have been identified; the wrist epitope, which binds BMP receptor types IA and IB (BMPR-IA and BMPR-IB), and the knuckle epitope, which binds BMP receptor type II (BMPR-II) (76). Site-directed mutagenesis studies have shown that mutations in the knuckle epitope can create BMP-2 antagonists (76). Kirsch et al. (76) proposed that the mutants bind to type I BMP receptors through the wrist epitope as normal and that the interaction of the knuckle with the lower affinity type II receptor is disrupted, preventing BMP signaling. Further studies (77) suggest that the interaction of chordin CR repeats with BMP-2 does not disrupt the BMPR-IA epitope, indicating that these repeats do not bind to the wrist epitope. The sum of these results suggests that the knuckle epitope might be involved in CR repeat binding and that these domains exert their antagonistic effects by blocking BMPR-II interactions. However, structural analysis of the complex of BMP-7 and noggin (78), a cysteine-knot protein that does not contain any CR repeats, shows that both the wrist and knuckle epitopes are involved in binding. Thus, in this case, BMP signaling is regulated by blocking both type I and type II receptors. Given the significantly higher activity of intact chordin over isolated domains (4) , and the trimerization of collagen II, it is interesting to speculate that multiple CR domains may be typically involved in growth factor recognition. This theory is consistent with the ability of full-length ColIIA synthetic mRNA to induce secondary axis formation in Xenopus, whereas mRNA for the CR repeat alone does not (4) . Consequently, multiple binding epitopes for CR repeats may exist on a single growth factor dimer. In an attempt to identify possible binding sites we considered the surface properties CR ColIIA . There are no readily identifiable clusters of residues of particular character (e.g. charged or hydrophobic) on the surface of the CR ColIIA repeat, so no possible binding epitopes could be proposed on this basis.
The structure of CR ColIIA manifests a two sub-domain architecture, tethered by a flexible linkage, that may become more ordered upon ligand binding. For the highly structured Nterminal sub-domain (residues Gly 32 -Glu 70 ) good agreement between the backbone fold calculated de novo using RosettaNMR and the structures calculated ab initio using CYANA was observed. However, for the C-terminal sub-domain (residues Leu 76 -Cys 89 ) the fold is more irregular and the determination of the disulfide bonds proved critical for constraining the fold. A surprising observation is the structural similarity between the N-terminal sub-domain of the CR ColIIA repeat and the fibronectin type 1 domain. The sequence homology between these repeats is low and consequently a structural similarity could not be predicted. Because structure is better conserved than sequence, evolutionary structural relationships can be identified even when sequences have diverged significantly. Chordin-like CR repeats have been identified in all eukaryotes, whereas FN1 domains are found only in vertebrates. This suggests that the FN1 domain may have evolved as a truncation of the chordin-like CR repeat. This conclusion is supported by the conservation of the disulfide bonding pattern of cysteine residues that are conserved in both types of sequence, highlighted in Fig. 5B .
The possibility that the CR repeat evolutionarily preceded the FN1 domain raises the interesting idea that functional similarities may also exist between these two types of module. The divergent evolution of structure and function within protein domains has been demonstrated, and it has been observed that structurally related clusters of proteins can be characterized by a "functional fingerprint" (79) . Because the CR repeat has been proposed to play a general role in the extracellular regulation of TGF-␤ superfamily members, we examined the literature to identify any reported interactions between FN1 domains and structurally similar cytokines. Recently, vascular endothelial growth factor (VEGF) has been shown to bind to fibronectin (28) . This interaction promotes mitogen-activated protein kinase activation and endothelial cell migration. Intriguingly, the VEGF binding sites have been specifically mapped to two fragments of fibronectin, at the N and C termini, which correspond to the two regions containing FN1 domains. Other recent research has shown enhanced binding of VEGF to fibronectin at acidic pH (7.0 -5.5) (27) . These results suggest that there is an electrostatic contribution to VEGFfibronectin binding that titrates in this pH range. Both the N-terminal region of CR ColIIA and FN1 domains contain surface-exposed acidic residues, with measurable amino acid conservation at some positions (see Fig. 5B ). However, further studies will be required to elucidate the types of binding sites involved in the interactions of chordin-like CR repeats, fibronectin domains, and cysteine-knot family cytokines. 
